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Abstract. A highly-efficient method for transformation 
of the methylotrophic yeast Hansenula polymorpha has 
been developed. Routinely, transformation frequencies 
of up to 1.7 x 106/gg plasmid DNA were obtained by 
applying an electric pulse of the exponential decay type of 
7.5 kV/cm to a highly-concentrated cell mixture during 
5 ms. Efficient ransformation was dependent on: (1) pre- 
treatment of the cells with the reducing agent dithiotrei- 
to1, (2) the use of sucrose as an osmotic stabilizer in an 
ionic electroporation buffer, and (3) the use of cells 
grown to the mid-logarithmic phase. Important parame- 
ters for optimizing the transformation frequencies were 
field strength, pulse duration, and cell concentration dur- 
ing the electric pulse. In contrast o electrotransforma- 
tion protocols described for Saccharomyces cerevisiae 
and Candida maltosa, transformation frequencies (trans- 
formants per gg DNA) for H. poIymorpha remained high 
when large amounts (up to 10 gg) of plasmid DNA were 
added. This feature renders this procedure pre-eminently 
advantageous for gene cloning experiments when high 
numbers of transformants are needed. 
Key words: Transformation - Electroporation - Methy- 
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Introduction 
Methanol utilization in the methylotrophic yeast Hanse- 
nula polymorpha is accompanied by strong proliferation 
of peroxisomes and high-level expression of the peroxiso- 
mal matrix enzymes, alcohol oxidase (AOX) and dihy- 
droxyaceton synthase (DAS). As a result of these features 
the organism is of considerable academic and commercial 
Present address: Nichols Institute Diagnostics, Nieuwe Weg 172, 
6603 B~I "Wijchen, The Netherlands 
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interest. Firstly, peroxisome biogenesis is strictly regu- 
lated by the growth conditions applied and thus can be eas- 
ily manipulated (for a recent review, see Veenhuis 1992). 
Secondly, the strong endogenous promoters can be used 
to control high-level expression of heterologous genes (re- 
viewed by Buckholz and Gleeson 1991). Although basic 
genetic procedures have been established for H. polymor- 
pha (Gleeson et al. 1986, 1988; Roggenkamp et al. 1986; 
Thikhomirova et al. 1986; Berardi and Thomas 1990; 
Sierkstra et al. 1991; Faber et al. 1992) a very efficient 
transformation procedure is still lacking. We have encoun- 
tered this limitation during functional gene library com- 
plementation ofmutants of H. polymorpha which are im- 
paired in peroxisome biogenesis and function (Cregg et al. 
1990; Waterham et al. 1992; Titorenko et al. 1992, 1993). 
Therefore, we have investigated whether H. poIymorpha 
can be transformed by electroporation. Recently, this tech- 
nique has been successfully applied to introduce foreign 
DNA into several yeast species, including Saccharomyces 
cerevisiae, Schizosaccharomyces pombe, Yarrowia lipo- 
lytica, and several Candida species (Meilhoc et al. 1990; 
Becker et al. 1991; Kas~ske t al. 1992; Rohrer and Pica- 
taggio 1992; Nuttley et a1.1993). The advantage of elec- 
trotransformation is that it combines implicity with high 
transformation frequencies. In this paper we describe an 
electrotransformation procedure optimized for the yeast 
H. polymorpha. This protocol gave rise to 1.7x106 trans- 
formants per gg plasmid DNA, which is a 300-fold in- 
crease of transformation frequency compared to our pre- 
viously-described procedure (Faber et al. 1992). More- 
over, the present procedure appeared to be applicable for 
introducing plasmid DNA into another methylotrophic 
yeast, Pichia methanolica. 
Materials and methods 
Strains andpIasmids. 1-i.polymorpha strains A16 (Veale t al. 1992), 
leul.1 (Gleeson et al. 1986), leu2-356 (Thikhomirova etal. 1986) 
and LR9 (Roggenkarnp et al. 1986) were used for transformation 
with the autonomous replicating plasmids pHIP6 (see Fig. 1), 
306 
pHIP3, pHRP2 (Faber et al. 1992) and pHARS 1 (Roggenkamp etal. 
1986). P. methanolica C512 (leu-his-) was transformed with pHIP6. 
Growth conditions. H. poIymorpha strains and P. methanolica were 
grown in YPD medium (1% Yeast extract, 1% Bacto-peptone, 1% 
glucose) at 37 ~ C and 30 ~ C, respectively. Selective medium (YND) 
contained 0.67% Bacto yeast nitrogen base without amino acids 
(DIFCO) and 1% glucose and was supplemented with 30 rag/1 his- 
tidine when necessary. 
Standard molecular methods. Plasmid DNA from H. polymorpha for 
re-transformation f IF. coli DH1 (supE44 hsdR17 recA1 endA1 
gyrA96 thi-1 reIA1) was isolated as described by Hoffman and Wins- 
ton (1987). All recombinant DNA manipulations were performed 
using standard methods according to Sambrook et al. (1989). Re- 
striction endonucleases, T4 DNA ligase, and Klenow enzyme were 
obtained from Boehringer Mannheim and used according to 
supplier's recommendations. 
Electric pulse equipment. Electropulsing was carried out with the 
Electro Cell Manipulator 600 (ECM600) electroporation system 
from Biotechnologies and Experimental Research Inc. (BTX), us- 
ing 2-mm cuvets. The electroporation method was optimized by 
varying the electric field strength in combination with different inter- 
nal timing resistances (resulting in varying pulse lengths) at a fixed 
capacitance of 50 gF. Pulse field strength can be varied between 0
and 2.5 kV (0-12.5 kV/cm using 2-mm cuvets) and the internal tim- 
ing resistance of the electroporator can be adjusted at ten values, 
R1-R10, ranging from 13 f2 to 1048 ~2. 
Standard eIectrotransformation procedure. Overnight cultures of H. 
polymorpha grown in non-selective YPD medium at 37 ~ C, were di- 
luted 100-fold in fresh, prewarmed, YPD medium (200 ml) and 
grown to an optical density at 663 nm (OD663) of 1.2-1.5 (+ 9x107 
cells/ml). Cells were harvested by centrifugation at 3000 g for 
10 min, resuspended in 0.2 vol (40 ml) of 50 mM potassium phos- 
phate buffer pH 7.5 containing 25 mM of dithiotreitol (DTT) and 
incubated for 15 min at 370 C. Subsequently, the cells were washed 
twice with electroporation buffer STM (=270 mM sucrose, 10 mM 
Tris-HC1 pH 7.5 and 1 mM MgC12); firstly with 1 vol (=200 ml), 
secondly with 0.5 vol (= 100 ml) and kept at 0 ~ C. Finally, the cells 
were resuspended in 0.005 vol (= 1 ml) STM (0 ~ C) to give approx- 
imately 2x101~ cells/ml. For long term storage of competent cells, 
batches of 60-gl cell suspensions were directly frozen in liquid N 2 
and kept at -80 ~ C. DNA was added to 60 gl of cell suspension and 
this mixture was tapped to the bottom of a prechilled 2-mm electro- 
poration cuvet. Following the electric field pulse (7.5 kV/cm; 50 BF; 
129 f~ resulting in pulse length of +5 ms.), 1 ml of YPD medium 
(room temperature) was added to the cell/DNA mixture. The cell 
suspension was then incubated for 1 h at 37~ without agitation. 
Cells were harvested (5min, 3000 g), washed once with 1 ml YND 
and subsequently resuspended (and diluted) in YND, spread on se- 
lective plates (YND) and incubated at 37 ~ C. Transformants were 
quantified after 3-4 days. 
Results 
Prerequisities for electrotransformation 
of H. polymorpha 
We have based our protocol on two electrotransformation 
procedures previously descr ibed for S. cerevisiae (Meil-  
hoc et al. 1990; Becker et al. 1991). Appl icat ion of these 
procedures to H. polymorpha revealed that pretreatment 
of the cells with DTT, in order to reduce cell wal l  proteins, 
is essential for transformation. Omission of  this step re- 
sulted in no transformants atall. At a f ixed incubation time 
of  15 min at 37 ~ C, transformation frequencies increased 
l inearly with the DTT concentration up to 25 mM, whereas 
higher concentrations of up to and including 40 mM gave 
no further improvement.  The composit ion of the washing- 
and electroporation-buffer appeared to be crucial. Accept-  
able transformation frequencies were not observed when 
cells were washed and electroporated in sorbitol (1 M or 
3 M) or glycerol  (10% or 20%). However, high transfor- 
mation frequencies were achieved using ionic electropo- 
ration buffers containing sucrose as the osmotic stabil izer 
(Mei lhoc et al. 1990). Within the range of 0 -540 mM 
tested, 270 mM of sucrose proved to yield optimal fre- 
quencies. Although pretreatment and washing of the cells 
was mainly according to Mei lhoc et al. (1990), the char- 
acteristics of the pulse appl ied differed. In our experiments 
a pulse of the exponential  decay type was uti l ized (Becker 
et al. 1991), whereas Mei lhoc et al. (1990) used square- 
wave-type pulses. 
Effect of field strength and pulse length 
on transformation efficiency 
After having establ ished the basic protocol, the effect of 
increasing f ield strengths at several t ime constants (pulse 
lengths) on transformation eff iciency was examined using 
1 gg of p lasmid DNA (pHIP6, Fig. 1). The pulse lengths 
were varied by changing the t iming resistance (R3 = 48 f2; 
R5 = 129 ~ and R7 =248 f2) at a constant capacitance (50 
BF). Under these condit ions the resistance R3, R5 and R7 
resulted in pulse durations of 2.2, 4.9 and 9.0 ms, respec- 
tively. At each voltage, one or more pulse durations were 
evaluated. As can be seen in Fig. 2, the total number of 
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Fig. 1. Physical map of the E. coIi-H, polymorpha shuttle vector 
pHIP6. The plasmid was constructed by inserting a 1.1-kb BamHI 
fragment (sticky ends were filled-in) from YDp-U (Berben et al. 
1991), containing the S. cervisiae URA3 gene, into NcoI-BamHI- 
cleaved (sticky ends were filled-in) pHIP3 (4.6 kb) (Faber et al. 
1992). pHIP6 contains both the URA3 and the LEU2 gene from S. 
cerevisiae which are used as selectable markers in H. polymorpha. 
Moreover, the S. cerevisiae LEU2 gene contains a sequence which 
promotes autonomous replication of plasmids in H. polymorpha 
(Berardi and Thomas 1990; Faber et al. 1992) 
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Fig. 2. Effect offield strength and pulse duration on transformation 
frequency of H. poIymorpha A 16. Cells were grown and treated prior 
to the electric pulse as described in Materials and methods. One mi- 
crogram of pHIP6 was used for each transformation. Different pulse 
durations of approximately 2.2 (,), 4.9 (e) and 9.0 ms (I) were ob- 
tained by adjusting the internal timing resistance to 48, 129 and 246 
f~, respectively 
transformants increased with increasing field strength, 
reaching a maximum of about 5 x 105 independent of the 
pulse length used. A drop in transformation frequency at 
higher field strength at a specific pulse length, as described 
for S. cerevisiae (Meilhoc et al. 1990), was not clearly seen, 
at least not within the range of adjusted field strengths ap- 
plied, which was kept limited to avoid arching the electro- 
poration cuvet. 
Transformation efficiency is dependent 
on the growth phase of the cells 
The effect of the growth phase of batch-cultured cells on 
the transformation frequency was studied. Cells were har- 
vested from cultures grown to the early-, mid- and late- 
logarithmic growth phase or from the stationary phase of 
growth. Prior to electrotransformation, the cells were con- 
centrated by centrifugation and resuspended in electropo- 
ration buffer to achieve equal cell densities (3x101~ 
cells/ml). The cells were then transformed with 1 gg of 
pHIP3. Maximum transformation frequencies were 
achieved with cells harvested at the mid-logarithmic 
growth phase (1.7 x 106), whereas no transformants were 
observed using cells from the stationary phase of growth 
(Fig. 3). 
Effect of cell concentration and DNA concentration on 
transformation efficiency 
The effect of the cell concentration on the transformation 
frequency was determined. Cells were harvested, concen- 















early mid late stat 
Growth phase 
Fig. 3. Effect of growth phase on transformation frequency of H. 
polymorpha A 16. Equal numbers of cells grown to the early- (OD663 
= 0.6); mid- (OD663 = 1.2-2.5) or the late- (OD663 =5.5) logarithmic 
phase, as well as cells from the stationary phase (OD663=9.0), were 
harvested and prepared as described in Materials and methods. One 
microgram of pHIP3 was added to 60 ~ of cell suspension (+3• 
1010 cell/ml). Pulse conditions, recovery, and plating of cells were 
as described in Materials and methods 
from 1.8 • l0 s to 3 x 10 I~ cells/ml, and transformed with 
1 gg pHIP6. The total number of transformants increased 
with increasing cell concentration (Fig. 4). Surprisingly, 
the yield of transformants per gg plasmid DNA increased 
more than proportional with the cell density, suggesting 
that the transformation is more efficient in highly-concen- 
trated cell mixtures. Moreover, no saturation at very-high 
cell concentrations, ashas been described for S. cerevisiae 
(Meilhoc et al. 1990), was observed. 
In the previously reported DMSO-freezing-PEG pro- 
cedure (Faber et al. 1992), the total number of transfor- 
mants increased linearly up to 10 gg of added plasmid 
DNA (pHIP3). In addition, linearisation of the plasmids 
prior to transformation increased transformation fre- 
quency up to 15-fold. In order to determine whether this 
also holds for the present ransformation procedure, plas- 
mid pHIP3, either of the covalently closed circular form 
or of the linearized form after BamHI digestion, was used 
for transforming H. polymorpha A16 (Fig. 5). As before, 
no saturation of the total number of transformants was 
reached within the range of plasmid DNA added (up to 10 
~tg); also linear plasmids were more efficient in transform- 
ing H. polymorpha than their circular counterparts, giving 
rise to 3.4x107 transformants/10 gg of (linear) pHIP3. 
Surprisingly, the stimulatory effect of linearization was 
most evident at high amounts of plasmid DNA and ranged 
from a 2-fold increase with 1 ng pHIP3 to a 25-fold in- 
crease at an input of 10 gg pHIP3. 
Efficiency of transformation is strain dependent 
Previously-reported transformation procedures for H. 
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Fig. 4. Effect of cell concentration transformation frequency. Re- 
sults are displayed for strain A16 at a fixed sample volume of 60 gl. 
Pulse conditions and treatment of cells were as described in Mate- 
rials and methods. Per transformation 1 gg of pHIP6 was used 





1 0 8 
10  7 
1 0 6 
1 0 5 
10  4 
1 0 3 
10 2 
I I I I I _ ]  
f 
I I I I I 
0.001 0.01 0.1 1 10 
Amounl of pHIP3 (~g) 
Fig. 5. Effect of amount of plasmid DNA, either of the covalently 
closed circular (e) or linear conformation (v), on total number of 
transformants of H. polymorpha At6. Various amounts of pHIP3 
were added to 60 gl of cell suspension, ranging from 1 ng to l0 ~tg. 
Pulse conditions and cell treatment were as described in Materials 
and methods 
Berardi and Thomas 1990; Dohmen et al. 1991; Faber et 
al. 1992) were usually developed for one specific strain of 
the organism. These procedures, however, often appear to 
be strongly strain-dependent and yield much lower trans- 
formation efficiencies when other strains are used. There- 
fore, we have compared the transformation efficiencies of 
our present method, for several common strains of H. poly- 
morpha. Transformation frequency was determined with 
two different plasmids for each strain (Table 1). It appeared 
Tab le  1. Total number of transformants obtained per strain per gg 
plasmid DNA. Pulse conditions and treatment of the cells are as de- 
scribed in Materials and methods 
Strain Plasmid 
pHIP6 pHRP2 pHARS 1 
A16 7.5 x 105 2.3 x 105 - 
leul.1 6.0x 104 3.0x 104 - 
leu2-356 2.9 x 105 7.6 • 104 - 
LR9 1.7x104 - 5.5• 
that the transformation frequency was indeed strain- 
dependent and varied from 1.7x 104 per gg of DNA for 
strain LR9 to 7.5 x 105 per gg of DNA for strain A16 with 
plasmid pHIP6. Selection was either for ura-prototrophy 
(LR9) or leu-prototrophy (A16, leul.1, leu2-356). A sec- 
ond plasmid, pHRP2, which contained only one selectable 
gene, was also used to transform the different strains. For 
strain A16, leul. 1 and leu2-356, pHRP2 gave about 2-fold 
lower frequencies, compared to pHIP6. In contrast, 
pHARS 1 transformed strain LR9 at least 3-fold more ef- 
ficiently then pHIP6. From each of the eight transforma- 
tion events summarized in Table 1, several transformants 
were selected, plasmid DNA isolated and re-transformed 
to E. coli DH1. With several restriction enzymes, all the 
plasmids isolated from E. coli gave the same restriction 
pattern, as the original plasmid introduced into the H. poly- 
morpha strain (data not shown). This indicates that no ma- 
jor rearrangements had occurred either during the trans- 
formation procedure or during maintenance of the plas- 
mids in the different H. polymorpha strains. 
As described for other yeasts, competent cells of H. 
polymorpha can be stored at -80 ~ C. Although transfor- 
mation frequencies using re-thawed cells dropped 2-5- 
fold, this is only a minor disadvantage in cases of routine 
transformation. 
Transformation fP. methanolica 
We have also investigated whether the procedure devel- 
oped for H. polymorpha was applicable for transforming 
another methylotrophic yeast, P. methanolica. The same 
plasmid, pHIP6, could be used for transformation because 
the 2.2-kb XhoI-SalI DNA fragment containing the LEU2 
gene from S. cerevisiae complements he leul mutation of 
P. methanolica nd contains an element which supports 
autonomous replication i  this yeast (Tarutina nd Tolstor- 
ukov 1992), as described for H. poIymorpha. Cells were 
grown and treated prior to the electric pulse as described 
for H. polymorpha, except that growth and recovery of the 
cells were performed at 30~ As shown in Fig. 6, 3.3• 
103 transformants were obtained per gg of pHIP6 at a field 
strength of 3 kV/cm and a pulse duration of 5 ms. Increase 
of the field strength resulted in a decrease of the number 
of transformants. Apparently, P. methanolica cells are 
more sensitive to electric pulses than are those of H. poly- 
morpha. Probably, transformation frequencies may be fur- 
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F ig .  6. Effect of field strength on transformation frequency of P. 
methanolica C512. Cells were grown in YPD at 30 ~ and pretreated 
as described for H. polymorpha in Materials and methods. One mi- 
crogram of pHIP6 was added to 60 gl of cell suspension and trans- 
ferred to a prechilled 2-mm cuvet. The settings for the electric pulse 
were as described in Materials and methods, varying the field 
strength from 0.4 kV to 1.0 kV. After the pulse, 1 ml of YPD was 
added and cells were incubated for 1 h at 30 ~ Subsequently, the 
ceils were washed with 2 ml of YND and plated on selective plates. 
Transformants were quantified after approximately 5 days of incu- 
bation at 30 ~ 
tions and varying the pretreatment of the cells prior to the 
pulse. 
Discuss ion  
In this study we describe a relatively-simple, highly-effi- 
cient electroporation procedure for transforming H. poly- 
morpha with plasmid DNA. This procedure, applying a 
5 ms pulse at a field strength of 7.5 kV/cm, yields trans- 
formation efficiencies of up to 1.7 x 106 transformants per 
gg of plasmid DNA. Essentially the same protocol was also 
successfully used to transform another methylotrophic 
yeast, P. methanolica, but yielded optimal transformation 
frequencies at a significantly lower field strength. 
Our results, together with those of Meilhoc et al. (1990), 
suggest hat the procedure is applicable for a broad range 
of yeast species and does not depend on the application of 
square-wave-type electric pulses. Prerequisities for effi- 
cient electrotransformation of H. polymorpha were pre- 
treatment of the cells with the reducing agent DTT and use 
of an ionic electroporation buffer with sucrose as the os- 
motic stabilizer. Clear differences in transformation fre- 
quencies were observed upon transformation f various H. 
polymorpha strains with different plasmids. A maximum 
of 1.7x106 transformants was obtained when 1 gg of 
pHIP3 was used with H. polymorpha A16 at a cell density 
of approximately 3x101~ cells/ml. However, for each 
strain, transformation frequencies exceeding 5x  104/gg 
were observed. This implies, that the present ransforma- 
tion procedure yields frequencies which are 100-fold 
higher compared to the values previously described (Glee- 
son et al. 1986; RoggenkaInp et al. 1986; Thikhomirova et 
al. 1988; Berardi and Thomas 1990; Dohmen et al. 1991; 
Faber et al. 1992). 
Furthermore, this study confirmed an earlier observa- 
tion (Faber et al. 1992) that linear plasmids transformed 
H. polymorpha more efficiently than circular plasmids. 
This feature appears to be organism-specific, ndependent 
of the transformation procedure used. H. polymorpha p- 
pears to possess a very efficient system for the repair of 
double-stranded breaks in DNA molecules because, after 
transformation with linear plasmids, the transformed DNA 
was be present as circular autonomous replicating units in 
the cells (Faber et al. 1992). 
In contrast to results obtained with S. cerevisiae, no dis- 
tinct saturation of the total number of transformants was 
observed in relation to either the cell concentration or the 
amount of DNA added. For S. cerevisiae, it was suggested 
that only a small subfraction of the cells, probably depen- 
dent on the cell size and/or stage in the cell cycle, are elec- 
trocompetent. Such a sub-population of competent cells 
was also supposed to account for the optimum in transfor- 
mation frequencies observed for H. polymorpha with a 
lithium acetate-based method (B erardi and Thomas 1990). 
For S. cerevisiae, maximal transformation frequencies 
were observed at an input of 10 ng ofplasmid DNA (Meil- 
hoc et al. 1990); a further increase in the amount of plas- 
mid DNA added did not result in enhanced numbers of 
transformants. It can be calculated that in these experi- 
ments a maximum of 1 out of 2 500 cells was in fact trans- 
formed, apparently encompassing the 'theoretical' pool of 
electrocompetent cells. In our present study however, a to- 
tal number of 3.4x 107 transformed H. polymorpha cells 
was obtained with 10 gg of linear pHIP3. Hence, 1 out of 
approximately 35cells was transformed. This suggests that 
the pool of etectrocompetent cells, if such a pool really ex- 
ists, is significantly larger than supposed for S. cerevisiae. 
The observation that a high number of transformants can 
be obtained with one single transformation experiment 
makes our protocol and, with it the yeast H. polymorpha, 
pre-eminently suited for isolating genes by gene library 
cloning. At present, the procedure has already been suc- 
cessfully used in our laboratory for the isolation of genes 
which complement mutants impaired in peroxisome bio- 
genesis/function (Cregg et al. 1990; Titorenko et al. 1992, 
1993; Waterham et al. 1992) and which are now being an- 
alyzed. Moreover, the high transformation efficiency, de- 
scribed in this study, renders these Per- mutants of H. poly- 
morpha potentially attractive for screening ene libraries 
of higher eukaryotic species to identify functional PER ho- 
mologues of these organisms. 
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